Introns are removed by the spliceosome, a large macromolecular complex composed 25 of five ribonucleoprotein subcomplexes (U snRNP). The U1 snRNP, which binds to 5' 26 splice sites, plays an essential role in early steps of the splicing reaction. Here, we 27 2013; Reddy et al., 2013). Alternative splicing can also regulate gene expression by 48 generating transcripts with premature termination codons (PTC) or/and a long 3'UTR, 49
show that Arabidopsis LUC7 proteins, which are encoded by a three-member gene 28 family in Arabidopsis, are important for plant development and stress resistance. We 29
show that LUC7 are U1 snRNP accessory proteins by RNA immunoprecipitation 30 experiments and LUC7 protein complex purifications. Transcriptome analyses 31 revealed that LUC7 proteins are not only important for constitutive splicing, but also 32 affects hundreds of alternative splicing events. Interestingly, LUC7 proteins 33 specifically promote splicing of a subset of terminal introns. Splicing of LUC7-34 dependent introns is a prerequisite for nuclear export and some splicing events are 35 modulated by stress in a LUC7-dependent manner. Taken together our results 36 highlight the importance of the U1 snRNP component LUC7 in splicing regulation and 37 suggest a previously unrecognized role of a U1 snRNP accessory factor in terminal 38 intron splicing. 39
Introduction 41
Eukaryotic genes are often interrupted by non-coding sequences called introns that 42 are removed from pre-mRNAs while the remaining sequence, the exons, are joined 43 together. This process, called splicing, is an essential step before the translation of 44 the mature mRNAs and it offers a wide range of advantages for eukaryotic 45 organisms. For instance, alternative splicing allows the production of more than one 46 isoform from a single gene expanding the genome coding capacity (Kornblihtt et al., 47 or U1C are single copy genes and a complete knockout most likely causes severe 93 mutant phenotypes or lethality. On the other hand, proteins such as PRP39, PRP40 94 and LUC7 are encoded by small gene families, which require the generation of 95 multiple mutants for functional studies. Some U1 specific Arabidopsis mutants have 96 been characterized: Mutations in the accessory factor PRP39A cause delayed 97 flowering due to increased expression of the flowering time regulator FLOWERING 98 LOCUS C (FLC), but the mutants do not exhibit severe developmental defects (Wang 99 et al., 2007; Kanno et al., 2017) . In a reverse genetic approach, U1-70K expression 100 was specifically reduced in flowers by an antisense RNA and the resulting transgenic Here, we report on the functional characterization of Arabidopsis mutants 109 impaired in U1 snRNP function. For this, we focused in this study on the U1 snRNP 110 components LUC7, which we show to be essential for normal plant development and 111 plant stress resistance. Our whole transcriptome analyses on luc7 triple mutant show 112 that impairments of LUC7 proteins affect constitutive and alternative splicing. 113 Surprisingly, our results reveal the existence of transcripts, in which terminal introns 114 are preferentially retained in a LUC7-dependent manner. Unspliced LUC7-dependent 115 introns cause a nuclear retention of the pre-mRNAs and the splicing efficiency of 116 LUC7-dependent introns can be modulated by stress. Our results suggests that the 117 plant U1 snRNP components LUC7 regulate alternative splicing of pre-mRNAs and 118 6 thereby impact their nuclear export, which could be a mechanism to fine-tune gene 119 expression under stress conditions. 120 7 LUC7 genes (AthLUC7A, AthLUC7B and AthLUC7RL), which are separated in two 132 clades: LUC7A/B and LUC7RL ( Figure 1A and S1). AthLUC7RL is more similar to its 133 yeast homolog and lacks a conserved stretch of 80 amino acids of unknown function 134 present in AthLUC7A and AthLUC7B ( Figure S1 ). A phylogenetic analysis revealed 135 that algae contain a single LUC7 gene belonging to the LUC7RL clade reinforcing the 136 idea that LUC7RL proteins are closer to the ancestral LUC7 than LUC7A/B. In the 137 moss Physcomitrella and in the fern Selaginella one can find proteins belonging to 138 both clades, suggesting that the split into LUC7RL and LUC7A/B occurred early 139 during the evolution of land plants. 140
In order to understand the function of the Arabidopsis U1 snRNP, we analyzed 141 T-DNA insertion lines affecting LUC7 genes ( Figure 1B ). Single and double luc7 142 mutants were indistinguishable from wild-type plants (WT) ( Figure S2 ). However, 143 luc7 triple mutant exhibit a wide range of developmental defects, including dwarfism 144 and reduced apical dominance ( Figure 1C -E). To test whether the impairment of 145 LUC7 functions was indeed responsible for the observed phenotypes, we 146 8 147 reintroduced a wild-type copy of LUC7A, LUC7B or LUC7RL in the luc7 triple mutant. 148
Each of the LUC7 genes was sufficient to restore the growth phenotype of the luc7 149 9 triple mutant ( Figure 1E ). These results reveal that the phenotype observed in this 150 mutant is attributable to the impairment of LUC7 function and it suggests that LUC7 151 genes act redundantly to control Arabidopsis growth and development. is important for plant stress resistance and ABA-mediated stress signaling, we 160 analyzed growth parameters of WT, the luc7 triple mutant and a luc7 rescue line in 161 presence of exogenous ABA or salt. A cotyledon greening assay showed that luc7 162 triple mutants reacted hypersensitively to exogenous ABA (Figure 2A, B ), suggesting 163 that LUC7 plays an important role in the ABA pathway. Furthermore, salt in the 164 growth medium impaired root growth much more strongly in luc7 triple mutant than in 165 WT or in a luc7 rescue line ( Figure 2C , D). Similarly, cold temperatures strongly 166 compromised the growth of luc7 triple mutants when compared to WT ( Figure 2E ). 167
These results imply that functional LUC7 proteins are required for plant stress 168 resistance and ABA responses. 169 10 170 171
LUC7 is a U1 snRNP component in plants 172
The composition of the U1 snRNP subcomplex is known in yeast and metazoans but 173 not in plants (Will and Luhrmann, 2001; Koncz et al., 2012) . Therefore, we asked 174 whether LUC7 is also an U1 component in Arabidopsis. Due to the fact that our 175 genetic analyses of luc7 mutants suggested that LUC7 proteins act largely 176 redundant, we focused our further analyses mainly on a single LUC7 protein, LUC7A. 177 A protein that is part of the U1 complex is tightly associated with U1 specific 178 components such as the U1 snRNA. To test whether LUC7 is found in a complex 179 with the U1 snRNA, we performed RNA immunoprecipitation (RIP) experiments using 180 a luc7 triple mutant carrying pLUC7A:LUC7A-YFP rescue construct ( Figure S3 ). 181
Immunoprecipitation of LUC7A-YFP enriched the U1 snRNA more than 40-fold, but 182 did not enrich two unrelated, but abundant RNAs, U3 snoRNA and ACTIN mRNA 183 ( Figure 3A ). Small amounts of U2 snRNA was also found associated with LUC7A, 184 which is in agreement with the fact that U1 and U2 snRNP directly interact to form 185 spliceosomal complex A ( Figure 3A ). However, the amount of recovered U2 snRNA 186 is more than four-fold lower than that of the U1 snRNA ( Figure 3A ). These results 187 strongly suggest that Arabidopsis LUC7 proteins are bona fide U1 snRNP 188
components. 189
Next we analyzed the subcellular localization of LUC7A and its co-localization 190 with a core U1 snRNP subunit. LUC7A localized to the nucleus, but not to the 191 nucleolus in Arabidopsis plants containing the pLUC7A:LUC7A-YFP rescue construct 192 ( Figure 3B ). In addition, LUC7A partially co-localized with U1-70K in the nucleoplasm 193 when transiently expressed in Nicotiana benthamiana ( Figure 3C ). Similar results 194 were obtained for LUC7RL, the Arabidopsis LUC7 most distant in sequence to 195 LUC7A ( Figure 3C ). In plants, co-localizations studies in protoplasts have shown that 196 also the core U1 components only partially colocalize (Lorkovic and Barta, 2008) . 197
These partial colocalizations suggest that plant U1 snRNP proteins may fulfill 198 additional functions as it has been observed in other eukaryotes (Workman et al., 199 2014) . To further test whether LUC7A associates in planta with known U1 snRNP 202 components, we purified LUC7A-containing complexes. For this, we used 203 pLUC7A:LUC7A-YFP complemented lines and as controls wild-type plants and 204 transgenic lines expressing free GFP (p35S:GFP). Immunopurifications (IPs) were 205 carried out three to four time independently. We observed that WT often produced 206 more background in mass spectrometry (MS) analyses than the 35S:GFP line and 207 we therefore decided to use WT as a more stringent control (Table S1 ). Among all 208 identified proteins we considered those putative LUC7 interactors that were found in 209 at least two independent experiment and were at least three time more abundant in 210 pLUC7A:LUC7A-YFP IPs than in WT IPs. The mass spectrometry (MS) analysis 211 revealed that LUC7 is indeed found in a complex with core U1 snRNP proteins U1A 212 and U1-70K (Table 1, Table S1 ). Moreover, we detected peptides corresponding to 213 the spliceosomal complex E components U2AF35 and U2AF65, further suggesting 214 that LUC7 proteins are involved in very early steps of the splicing cycle (Table 1 , 215 Table S1 ). Additional proteins known to be involved in splicing and general RNA 216 metabolism including several serine-arginine (SR) proteins (SR30, SCL30A, SCL33), 217 SR45, SERRATE (SE) and the CBC component ABH1/CBP80 were found in LUC7A-218 containing complexes (Table 1 , Table S1 ). To test the validity of the LUC7 complex 219 purification experiment, we confirmed the interaction between LUC7 with SE and 220 ABH1/CBP80 by in planta co-immunoprecipitation experiment ( Figure S4 ). 221
Interestingly, we also identified regulatory proteins in LUC7A-containing complexes, 222 among them several kinases and proteins involved in 3'end processing (Table 1 , 223 
LUC7 effects on the Arabidopsis coding and non-coding transcriptome 228
In order to identify misregulated and misspliced genes in luc7 mutants, we performed 229 an RNA-sequencing (RNA-seq) analysis with three biological replicates. We decided 230 to use seven days old WT and luc7 triple mutant seedlings. At this age, luc7 triple 231 mutant and WT seedlings are morphologically similar and therefore, changes in 232 transcript levels and splicing patterns most likely reflect changes caused by 233 impairments of LUC7 proteins and are not due to different contribution of tissues 234 caused by, for instance, a delay in development or/and different morphology ( Figure  235 S5). We sequenced between 22.1 and 27.6 million reads per library. 236 An analysis of differentially expressed genes revealed that 840 genes are up-237 and 703 are downregulated in luc7 triple mutant when compared to WT (Table S2 , 238 Table S3 ). The majority of genes that change expression were protein-coding genes 239 ( Figure 4A ). Nevertheless, non-coding RNAs (ncRNAs) were significantly enriched 240 among the LUC7 affected genes (p < 0.05, hypergeometric test), although the overall 241 number of ncRNA affected in luc7 triple mutant is relatively small ( Figure 4A Figure 4A ). In addition, quantification of mature miRNA levels revealed that 246 all tested miRNAs did not change abundance in luc7 triple mutants ( Figure 4C ). 247
These results show that LUC7 proteins affect the expression of protein-coding genes 248 and a subset of ncRNAs, but are not involved in the miRNA pathway. Because LUC7 proteins are U1 snRNP components, we ask whether misspliced 253 transcripts accumulate in the luc7 triple mutant. In total, we identified 640 differential 254 splicing events in luc7 triple mutants compared to WT (Table S4 ). Only 17 of these 255 alternative splicing events occurred in mRNAs whose expression also differed 256 between luc7 mutants and WT (Table S5, Table S6 ). Hence, the splicing differences 257 found were mainly not due to changes in transcript abundance. We detected a large 258 number of intron retention events in the luc7 triple mutant ( Figure 5A ). RT-PCR 259 experiments with oligonucleotides flanking selected intron retentions events 260 confirmed the RNA-seq data ( Figure 5B ). These results suggest that lack and/or 261 impairment of the U1 snRNP component LUC7 disturbs intron recognition and thus 262 splicing. We also identified a large number of exons skipping events in the luc7 triple 263 mutant. Exon skipping is also a major outcome of impairing U1 snRNP function or 264 binding in metazoans (Lorkovic and Barta, 2008; Rosel et al., 2011) . These defects 265 are most likely caused by interactions of the U2 snRNP with U1 snRNPs associated 266 to alternative 5'splice sites (Morcos, 2007) . Furthermore, we detected several cases 267 of alternative 5' and 3' splice site selection in luc7 triple mutants ( Figure 5A -F). 268
Some splicing defects observed in luc7 triple mutants generated transcript 269 variants that did not exist in WT (e.g. At2g32700, Figure 5C ). In these cases, LUC7 270 proteins affect the splicing of an intron which is constitutively removed in WT plants. 271
On the contrary, in other cases the luc7 triple mutant lacked specific mRNA isoforms, 272 which exist in wild-type plants (e.g. At1g10980, At4g32060), or the ratio of two 273 different isoforms was altered in luc7 triple mutant when compared to WT (e.g. 274
At3g17310, At5g16715, At5g48150, At2g11000) ( Figure 5D -F). In these cases, LUC7 275 proteins affect a splicing event which is subjected to alternative splicing in WT plants. 276
These results show that LUC7 proteins are involved in both constitutive and 277 alternative splicing in Arabidopsis. 278
Next, we checked whether splicing changes observed in luc7 triple mutant are 279 actually due to the loss of only a specific LUC7 gene or whether LUC7 genes act 280 redundantly. To test this, we analyzed the splicing pattern of some mRNAs in luc7 281 single, double and triple mutants. Some splicing defects were detectable even in luc7 282 single mutants ( Figure S6 ), but the degree of missplicing increased in luc7 double 283 and triple mutants suggesting that LUC7 proteins act additively on these introns (e.g. 284 At5g16715). Some splicing defects occurred only in luc7 triple mutants, implying that 285 LUC7 proteins act redundantly to ensure splicing of these introns (e.g. At1g60995). 286
Other splicing defects might more likely be due to the lack of LUC7A/B or LUC7RL. 287 that LUC7A form complexes with SE and ABH1/CBP80, one of the CBC competent 299 (Table S1, Figure S4 ). To investigate the relationship between LUC7 and the 300 CBC/SE in plants, we analyzed the splicing patterns of LUC7 dependent introns in 301 cbc mutants (cbp20 and cbp80) and se-1 by RT-PCR. All tested introns retained in 302 luc7 triple mutant were correctly spliced in cbc and se mutants ( Figure 6A ). 303
Conversely, first introns that were partially retained in cbp20, cbp80 and se-1 304 mutants were completely removed in the luc7 triple mutant ( Figure 6B ). These 305 observations suggest that the functions of LUC7 and CBC/SE in splicing of the 306 selected introns do not overlap. 307
Next, we asked whether LUC7 has a preference for promoting splicing of cap-308 proximal first introns as it has the CBC/SE complex. We classified retained introns in 309 luc7 triple mutant according to their position within the gene (first, middle or last 310 introns). Only genes with at least 3 introns were considered for this analysis. We 311 found a significant increase in retained last introns, but not first introns, in luc7 triple 312 mutants ( Figure 6C ). Although the total number of retained introns was higher among 313 middle introns, the relative amount of retained middle introns in luc7 triple mutant 314 was significantly reduced ( Figure 6C ). Retention of terminal introns in luc7 triple 315 mutants was confirmed by RT-PCR analysis ( Figure 6D ). In summary, our data 316 analyzed their splicing patterns in two mutants impaired in NMD, lba-1 and upf3-1. If 329 unspliced isoforms were indeed NMD targets, we would expect their abundance to 330 be increased in NMD mutants. Interestingly, we did not observe any change between 331 WT and upf mutants ( Figure 7A ). Thus, we conclude that the tested LUC7-dependent 332 introns do not trigger degradation via the NMD pathway. 333 NMD occurs in the cytoplasm and RNAs can escape NMD by not being 334 transported from the nucleus to the cytosol (Gohring et al., 2014). We therefore 335 checked in which cellular compartment mRNAs with spliced and unspliced LUC7-336 dependent introns accumulate. To do this, we isolated total, nuclear and cytosolic 337 fractions from wild-type and luc7 triple mutant plants and performed RT-PCR 338 analyses ( Figure 7B ). Purity of cytosolic and nuclear fractions was controlled by 339 immunoblot analysis using antibodies against histone H3 (specific for nuclear 340 fractions) and a 60S ribosomal protein (L13-1, specific for cytosolic fractions) ( Figure  341 7C). Spliced mRNA isoforms accumulated in the cytosol, whereas mRNAs containing 342 the unspliced LUC7-dependent introns were found in nuclear fractions ( Figure 7B) . 343
These results indicate that retention of LUC7-dependent introns correlates with 344 trapping mRNAs in the nucleus and suggest that splicing of LUC7-dependent introns 345 is essential for mRNA transport to the cytosol. 346 347 348
Splicing of LUC7-dependent introns can be modulated by stress 349
Our results revealed that a subset of alternatively spliced introns requires LUC7 350 proteins for efficient splicing and that splicing of these introns is a prerequisite for 351 nuclear export. This mechanism could serve as a nuclear quality control step to 352 prevent that unspliced mRNAs are exported prematurely. Interestingly, a GO analysis 353 of genes containing LUC7-dependent introns indicated an enrichment for stress 354 related genes ( Figure S7 ). This prompted us to speculate that nuclear retention of 355 mRNAs could be exploited as a regulatory mechanism to fine-tune gene expression 356 under stress conditions. 357
To test this hypothesis, we decided to check the splicing of some LUC7-358 dependent introns in WT under stress condition. We chose cold stress because luc7 359 mutants are cold-sensitive ( Figure 2 ) and in addition, it was suggested that U1 360 snRNP functionality is impaired under cold condition (Schlaen et al., 2015). To 361 quantify the amount of unspliced isoforms in cold condition, we designed qPCR-362 primers specific to unspliced isoforms and the total mRNA pool and calculate the 363 relative amount of mRNA carrying unspliced LUC7-dependent introns compared to 364 the total mRNA pool. mRNAs of At1g70480, At2g41560 and At5g44290 significantly 365 accumulated unspliced isoforms in responses to cold treatment demonstrating that 366 cold stress modulates the splicing efficiency of these LUC7-dependent introns 367 ( Figure 8A) . Interestingly, the amount of unspliced mRNA in luc7 triple mutants does 368 not differ significantly between mock and stress conditions ( Figure 8A ). This 369 observation suggests that LUC7 is directly involved in the regulation of intron splicing 370 under stress conditions and that LUC7 might be a target for stress response 371
pathways. 372
Discussion 375
Functions of the Arabidopsis U1 snRNP component LUC7 376
For this study, we generated an Arabidopsis triple mutant deficient in the U1 snRNP 377 components LUC7 and dissected the genome-wide effects of LUC7s impairments on 378 the Arabidopsis transcriptome. Our results show that LUC7 proteins are bona-fide U1 379 components acting mainly redundantly. The reduction of U1 function in the luc7 triple 380 mutant affects constitutive splicing. A large number of introns are retained in luc7 381 triple mutant, suggesting that without a proper recognition of the 5'ss, splicing of the 382 affected introns is impaired. Our results also show that exon-skipping events are 383 impaired in luc7 triple mutant, revealing that a functional plant U1 snRNP is essential 384 for exon definition. In addition, we show that luc7 triple mutant affect alternative 385 splicing also by influencing events of alternative 5' and 3' splice site. This implies that 386 the U1 snRNP does not only affect 5' splice site usage, it might also indirectly 387 regulate usage of 3' splice sites via its interaction with U2AFs and the U2 snRNP 388 events affected by LUC7. Furthermore, we found that in our RNA-seq experiments 394 that while the chosen luc7rl allele is a RNA-null allele, the luc7a and luc7b alleles still 395 produced mRNAs that might be translated into truncated proteins. Hence, we can not 396 exclude that a true luc7 null mutant might exhibit even more severe mutant 397 phenotypes and splicing defects. One has also to consider that U1 snRNP 398 independent splicing has been described in animals, indicating that not all introns protein family members and U1 snRNAs could generate an even higher number of 410 such U1 subcomplexes, which could be responsible for specific splicing events. Our 411 results show that LUC7 can act redundantly, but can also fulfill specific functions, 412
suggesting that LUC7 complexes specifically act on certain pre-mRNAs. In this 413 regard, it is important to note that an additional short stretch of amino acids 414 separates the two zinc-finger domains in LUCA and LUC7B ( Figure S1 ). Changing 415 the space in between RNA binding domains affects substrate specificities and could 416 explain different specificities among LUC7 proteins (Chen and Varani, 2013). 417
418

LUC7 function in terminal intron splicing 419
Interestingly, luc7 triple mutant showed a significant higher retention rate of terminal 420 introns compared to first or middle introns. This was surprising because LUC7 was 421 initially found to act in concert with the CBC, a complex involved in the removal of 422 cap-proximal first introns, but not of last introns (Lewis et al., 1996) . We found LUC7 423 in a complex with the CBC and the CBC-associated protein SE also in Arabidopsis. components has been studied functionally and it will be a major effort for future 438 studies to determine the function of these proteins in terminal intron splicing. 439 440
Possible functions of regulated intron retention for plant stress responses 441
We found that splicing of LUC7-dependent introns is required for transport of mRNAs 442 from the nucleus to the cytosol. The fact that we cannot detect unspliced transcript in 443 the cytosol suggests a nuclear retention mechanism for such mRNAs. One possibility 444 is that LUC7-dependent introns might contain binding sites for specific trans- We found that splicing of LUC7 dependent introns can be modulated by cold 460 stress. Because retention of these introns causes nuclear trapping, it is prompting to 461 speculate that environmental cues affect splicing and nuclear retention of mRNAs. 462 Such a mechanism would regulate the amount of translatable mRNAs in the cytosol 463 in a cost-efficient and rapid manner ( Figure 8B ). Since the stress-dependent 464 regulation of splicing of LUC7-dependent introns is lost in luc7 mutants, one can 465 expect that LUC7 function might be regulated under stress conditions. Interestingly, 466 the RS domains of LUC7 proteins are phosphorylated and we identified three kinases 467 
Plant material and growth conditions 476
All mutants were in the Columbia-0 (Col-0) background. luc7a-1 (SAIL_596_H02) 477 and luc7a-2 (SAIL_776_F02), luc7b-1 (SALK_144681), luc7rl-1 (SALK_077718) and 478 luc7rl-2 (SALK_130892C) were isolated by PCR-based genotyping (Table S7 ). luc7 479 double and triple mutants were generate by crossing individual mutants. All other 480 mutants used in this study (abh1-285, cbp20-1, se-1, lba-1 and upf3-1 The size of luc7 mutants was assessed by measuring the longest rosette leaf after 21 490 days. For all molecular studies, seeds were surface-sterilized, plated on 1/2 MS 491 medium with 0.8% phytoagar and grown for 7 days in continuous light at 22°C. For 492 the cold treatment, plates with Arabidopsis seedlings were transferred to ice-water for 493 60 min. For the root growth assay, 4 days old seedlings growing on vertical plates 494 were transferred to mock plates or plates containing indicated amount of NaCl and 495 grown for more 11 days vertically. Root growth rate per day was assessed by 496 measuring in ImageJ the root length in the days 2 and 9 after transfer. For ABA 497 sensitivity assays, seedlings were grown for 10 days on 1/2 MS plates supplemented 498 with 0.8 % phytoagar, 1 % sucrose and indicated amounts of ABA (+) (Sigma -499 A4906). For cold stress experiments, seeds were grown at 20°C for 5 days and then 500 transferred to 8°C for two weeks. 501 502
Plasmid constructions and transient expression analyses 503
For the expression of C-terminal FLAG-and YFP-tagged LUC7 proteins expressed 504 from their endogenous regulatory elements, 2100 bp, 4120 bp and 2106 bp upstream 505 of the ATG start codon of LUC7A, LUC7B and LUC7RL, respectively, to the last 506 coding nucleotide were PCR-amplified and subcloned in pCR8/GW/TOPO® 507 (Invitrogen). Oligonucleotides are listed in Table S7 . Entry clones were recombined 508 with pGWB10 and pGWB540 using Gateway LR clonase II (Invitrogen) to generate 509 binary plasmids containing pLUC7A:LUC7A-FLAG, pLUC7B:LUC7B-FLAG, with RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) using usually 541 oligo dT primers or a mixture of hexamer and miRNA-specific stem-loop primers 542 (Table S7 ). Standard PCRs for the splicing analysis were performed with DreamTaq 543 DNA Polymerase (Thermo Scientific). Quantitative RT-PCR (qRT-PCR) was 544 performed using the Maxima SYBR Green (Thermo Scientific) in a Bio-Rad CFX 384. 545
For all qPCR-primers, primer efficiencies were determined by a serial dilution of 546 cDNA template. The relative expressions were calculated using the 2ˆ(-ΔΔCT) 547 method with PP2A or ACTIN as control. For the qRT-PCR to detect splicing ratio 548 changes under cold condition, the ratio 2ˆ(-ΔCT unspliced )/2ˆ(-ΔCT total RNA ) was 549 calculated separately for each replicate and t-test was performed before calculating 550 the relative to WT mock. Oligonucleotides are listed in Table S7 . For RNA-551 sequencing analysis, polyA RNAs were enriched from 4 µg of total RNAs using 552
NEBNext Oligo d(T) 25 
Subcellular fractionation 577
Two grams of seedlings were ground in N 2 liquid and resuspended in 4 ml of Honda 578 buffer (0.44 M sucrose, 1.25% Ficoll 400, 2.5% Dextran T40, 20 mM HEPES KOH 579 pH 7.4, 10 mM MgCl 2 , 0.5% Triton X-100, 5 mM DTT, 1 mM PMSF, protease 580 inhibitor cocktail (Roche) supplemented with 40U/ml of Ribolock®). The homogenate 581 was filtered through 2 layer of Miracloth, which was washed with 1ml of Honda 582
Buffer. From the filtrate, 300 µl was removed as "total" fraction and kept on ice. 583
Filtrates were centrifuged at 1,500 g for 10 min, 4°C for pelleting nuclei and 584 supernatants were transferred to a new tube. Supernatants were centrifuged at 13 585 000 x g, 4 °C, 15 min and 300 µl were kept on ice as cytoplasmic fraction. Nuclei 586 pellets were washed five times in 1 ml of Honda buffer (supplemented with 8U/ml of 587
Ribolock®, centrifugation at 1,800 g for 5 min. The final pellet was resuspended in 588 300 µl of Honda buffer. To all the fractions (total, cytoplasmic and nuclei), 900 µl of 589 TRI Reagent (Sigma) was added. After homogenization, 180 µl of chloroform was 590 added and samples were incubated at room temperature for 10 min. After 591 centrifugation at 10 0000 rpm for 20 min, 4°C, the aqueous phase were transferred to 592 a new tube and RNA extracted with Direct-zol™ RNA MiniPrep Kit (Zymo Research). 593
The organic phase was collected and proteins were isolated according to 594 manufacturer's instructions. cDNA synthesis with random primes was performed as A: Seven days old WT and luc7 triple mutant seedlings were exposed to cold for 60 751 min. Splicing ratios (unspliced/total RNA) of four genes featuring a LUC7-dependent 752 intron was analyzed by qPCR. A T-test was performed for statistical analysis. 
